Abstract. Two-dimensional Fourier transform ion cyclotron resonance mass spectrometry is a data-independent analytical method that records the fragmentation patterns of all the compounds in a sample. This study shows the implementation of atmospheric pressure photoionization with two-dimensional (2D) Fourier transform ion cyclotron resonance mass spectrometry. In the resulting 2D mass spectrum, the fragmentation patterns of the radical and protonated species from cholesterol are differentiated. This study shows the use of fragment ion lines, precursor ion lines, and neutral loss lines in the 2D mass spectrum to determine fragmentation mechanisms of known compounds and to gain information on unknown ion species in the spectrum. In concert with high resolution mass spectrometry, 2D Fourier transform ion cyclotron resonance mass spectrometry can be a useful tool for the structural analysis of small molecules.
Introduction
T he principles of Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS) are based on the cyclotron motion of ions in a homogeneous magnetic field [1, 2] . Ions are trapped in an ultra-high-vacuum ICR cell with two axial trapping electrodes, two excitation electrodes on which a swept-frequency rf potential is applied to excite the ions coherently to an appropriate orbital radius, and two detection electrodes are used to measure the image current generated by the ion packet's motion. The frequencies of the image current reflect the frequencies of the ion motion, which is then calibrated to yield the mass-to-charge ratio (m/z) of the ions inside the ICR cell. Because FT-ICR MS is based on a time measurement and because an ion's frequency is independent of kinetic energy, this technique provides the highest resolving power and mass accuracy currently available [3] .
As a result of its reliance on high magnetic fields and Fourier transformation, FT-ICR MS has parallels to nuclear magnetic resonance (NMR) spectroscopy. However, unlike NMR spectroscopy, the potential of multidimensional FT-ICR MS remains largely unexplored. First introduced by Pfaendler et al. in 1987 [4] , two-dimensional FT-ICR MS (2D FT-ICR MS) relies on ion de-excitation by phase reversal of the excitation voltage [5] . The basic pulse sequence for 2D FT-ICR MS, shown in Scheme 1, has two encoding pulses separated by a regularly incremented delay t 1 . At the end of the second encoding pulse, the precursor ion's cyclotron radius is modulated according to t 1 and its cyclotron frequency [6] . During the subsequent fragmentation period, the precursor ion fragmentation efficiency as well as the fragment ion abundance depends on the radius of the precursor ion at the end of the encoding sequence (see Scheme 1) . After fragmentation, all ions are excited to high radius and detected. The resulting dataset can be Fourier transformed along the detection (t 2 ) and the delay (t 1 ) dimensions.
As the fragmentation efficiency of the precursor ions and the abundance of the fragment ions are both modulated according to the cyclotron frequency of the precursor, the resulting 2D map in the m/z domain, or 2D mass spectrum, shows peaks for each dissociation in which the first coordinate (chosen by convention to be the horizontal axis) is the fragment m/z, and the second coordinate (by convention, the vertical axis) is the precursor m/z. Scheme 2 shows a diagram of a 2D mass spectrum and how to interpret it. Significant lines in a 2D mass spectrum include the autocorrelation line, which shows the m/z of all the precursors, horizontal fragment ion scans, which show the fragmentation pattern of a given precursor ion, and vertical scans, which show all the precursors of a given fragment ion [7] .
2D FT-ICR MS was first used in conjunction with ionmolecule reactions [8] and infrared multiphoton dissociation (IRMPD) [9] . Due to limitations in computer hardware, however, 2D FT-ICR MS was not developed much further, despite Ross et al. developing an alternative ion radius modulation method, stored waveform ion radius modulation (SWIM) [10, 11] , which was also used by van der Rest and Marshall to study noise phenomena in 2D mass spectra [12] . In 2010, 2D FT-ICR MS using the original pulse sequence was implemented again using IRMPD [13] and electron capture dissociation (ECD) [14] for peptides from a nanoelectrospray ion source. Advances in data processing and denoising algorithms were made [15, 16] , and the pulse sequence was optimized in order to maximize signal-to-noise ratios [17] .
This study shows the first coupling of 2D FT-ICR MS with an atmospheric pressure photoionization (APPI) [18, 19] source, which, as a continuous ion source for both polar and nonpolar compounds [20, 21] , is a natural expansion for 2D
FT-ICR MS. APPI can produce both radical and protonated species, and limited oxidation and fragmentation can occur [22] . Combined with IRMPD as a fragmentation mode, 2D APPI FT-ICR MS allows the differentiation of the fragmentation pathways for both radical and protonated species within the same experiment.
Cholesterol is a compound with well-known fragmentation patterns that allows the illustration of the use of 2D FT-ICR MS for small molecules [23] . In concert with high resolution FT-ICR MS to measure the exact m/z of both precursor and fragment ions, 2D FT-ICR MS showed the fragmentation pathways of cholesterol and structural information of the front-end fragment ions or oxidized ions [22] as well as contaminants in the sample.
Experimental
A solution of cholesterol (Sigma Aldrich, Dorset, UK) was prepared at 100 pmol/μL in acetonitrile (VWR International, Ltd., Lutterworth, United Kingdom) and water (75:25). The water was purified using a Direct-Q 3 Ultrapure Water System (Millipore, Nottingham, United Kingdom).
The sample was ionized using an APPI II ion source with a krypton lamp (Bruker Daltonik GmbH, Bremen, Germany). The syringe flow rate was 600 μL/h, the capillary voltage was +1500 V, the spray shield offset voltage was -500 V, the nebulizer gas (N 2 ) pressure was 0.8 bar at 350°C, and the heated drying gas (N 2 ) flow pressure was 0.8 bar at 250°C. All experiments were performed on a 12 T solariX Fourier transform ion cyclotron resonance mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany). Ions were transferred through two electronic ion funnels and a quadrupole before being accumulated in a hexapole-based collision cell for 0.1 s. A hexapole ion guide (4 MHz frequency at 350 V pp with -10 V on the entrance lens and -8.0 V on the analyzer entrance lens before trapping) was used to transfer the ions to the infinity cell [24] . Ions were then transferred to the infinity cell through a Scheme 1. Pulse sequence of the 2D FT-ICR MS experiment Scheme 2. Interpretation of a 2D mass spectrum focusing ion guide and a hexapole during a 1.0 ms transfer period. The Sidekick voltage was kept at -10 V and the Sidekick offset was set to -1.0 V. Both the front and the back plate trapping potentials were set to 0.6 V.
Control Mass Spectra and Product-Ion Spectra
The control mass spectrum was measured with 4 Mword (16 bit) transients lasting 1.6777 s over m/z 147.4-500 (368.5-1250 kHz frequency range), with a pulse at 14% excitation power (65 V pp amplitude) and 20 μs per frequency in 1411 steps of 624.78 Hz frequency decrement. The control production spectra were measured with similar parameters, but with a m/z 36.9-500 mass range (i.e., a 5000-368.5 kHz frequency range). Each spectrum resulted from the accumulation of 20 scans.
For product-ion spectra, ion isolation was performed using the quadrupole with an m/z 2.5 window. IRMPD was performed using a Synrad 48-2 CO 2 laser (25 W) with a 10.6 μm wavelength and a 0.1 s irradiation length at 50% power (Synrad, Mukilteo, WA, USA).
The mass spectrum was phase-corrected using the Autophaser 6.0 phase correction software [25] [26] [27] [28] [29] [30] [31] [32] . All onedimensional (1D) spectra were first externally calibrated in the solariXControl software (Bruker Daltonics, Billerica, MA, USA) using Agilent ESI-L Low Concentration Tuning Mix (Agilent Technologies, Stockport, United Kingdom), and then internally calibrated against the theoretical m/z values of the ions generated by cholesterol using the quadratic calibration function within Data Analysis 4.0 (Bruker Daltonik GmbH, Bremen, Germany) [33] .
2D Mass Spectrum
The pulse sequence of the 2D FT-ICR MS experiment is presented in Scheme 1. The two encoding pulses P 1 and P 2 were identical with a 15% excitation power (70 V pp amplitude) and 0.4 μs per frequency over a 368.5-5000 kHz frequency range (m/z 36.9-500 mass range). The encoding period t 1 started at 0.5 μs with 2048 increments of 0.5 μs each (0.5-1024.5 μs). As a result, the Nyquist frequency in the precursor ion dimension (ω 1 ) was 1000 kHz, corresponding to a minimum m/z ratio of 184.27 for a precursor ion in the 2D mass spectrum. The fragmentation period was 0.1 s at 50% power of the IRMPD laser (12.5 W). Each transient was recorded with 128 k datapoints over an m/z 36.9-500 mass range (i.e., a 5000-368.5 kHz frequency range), with an excitation pulse P 3 at 14% excitation power (65 V pp amplitude) and 20 μs per frequency. In total, 2048 times 128 k datapoints were acquired over 17 min. Each transient lasted 0.0262 s.
Data processing was performed using NPKV2 (NMR Processing Kernel), which was developed independently by the University of Strasbourg and NMRTEC (IllkirchGraffenstaden, France) in 64-bit Python programming language using the commercial platform distributed by Anaconda Continuum Analytics (Austin, TX, USA) [34] . NPKV2 is freely available from the authors. Processed data files were saved using the HDF5 file format. In the precursor ion dimension (ω 1 ), the signals were digitally demodulated by applying a time-dependent phase rotation as a function of t 1 before Fourier transformation. The results are plotted in magnitude mode. All frequencies were converted into m/z using Francl's equation, with parameters that were determined using external calibration for a mass spectrum because of computational ease [35, 36] . The same calibration parameters were used in the ω 1 dimension and the ω 2 dimension. Figure 1a shows the FT-ICR mass spectrum of cholesterol ionized using APPI. The mass spectrum shows the molecular ion from cholesterol (see Scheme 3), but only as a radical cation. Peaks corresponding to single or multiple in-source dehydrogenations of cholesterol were observed, as well as ion species resulting from water loss by cholesterol, both in oddelectron and even-electron form (protonated cholesterol has been almost entirely fragmented in the ion source). The sample also contains a number of cholesterol oxidation products.
Results and Discussion
With phase correction, the resolving power of the peaks is approximately 600,000 (full width at half maximum [FWHM] ) at m/z 400. Internal calibration of the mass spectrum using the known peaks of cholesterol enabled the assignment of the molecular composition of the unknown peaks in the mass spectrum (results for the 100 most abundant peaks in the Supplementary Materials, Table 1 ) [3] . As a result, the chemical formulas and the abundance of the compounds in the mass spectrum, as well as their in-source fragment ions, were determined. The most abundant species is cholesterol (69%), but [23] . The fragmentation pattern in Figure 1c from the m/z 369 ion (resulting from the in-source loss of water from cholesterol) shows groups of hydrocarbon fragments with increasing carbon numbers with various double bond equivalents (DBE).
For both product-ion spectra, the quadrupole isolation window was set at m/z 2.5 in order to minimize ion loss, which affects IRMPD sensitivity. . For the production spectrum of the m/z 369 ion, they are:
As a result, determining whether an even-electron fragment ion results from the loss of a neutral radical by a radical ion or from the loss of an even-electron neutral by an even-electron ion is not possible with quadrupole-isolation MS/MS. Using this experimental setup, determining whether two peaks separated by the mass of H 2 are generated from two precursors that are differentiated by a double bond, or if the two fragments are generated by the same precursor with the same fragmentation mechanism, followed by dehydrogenation, is equally impossible with quadrupole-isolation MS/MS.
With adequate automation and visualization software, MS/MS can be used to generate 2D mass spectra in a data-independent fashion. A very similar method is used in precursor acquisition independent from ion count (PAcIFIC) [37] in conjunction with liquid chromatography for proteomics analysis. For comparison with the present study, if using only MS/MS, with a precursor mass range of m/z 184.27-500 and a precursor resolving power of 1 Da, 315 product-ion spectra would need to be recorded in order to cover the same precursor mass range with the same resolution. Several tens of scans would also need to be accumulated in order to obtain a signal-to-noise ratio that is comparable to the signal-of-noise ratio of the 2D mass spectrum. The resulting experiment would consume both more time and more sample than 2D FT-ICR MS. Furthermore, with quadrupole isolation, increasing the resolution in precursor selection goes hand in hand with a decrease in signal intensity, which is not an issue in the 2D FT-ICR experiment [38] . Other isolation methods, such as SWIFT [39, 40] or CHEF [39, [41] [42] [43] [44] [45] , are available for high-resolution isolation windows within the ICR cell. Other ion trapping devices, like linear or quadrupolar ion traps [46] , can select ions with a narrow isolation window (1 Da or better) using tailored waveforms. However, because such an isolation in a linear/quadrupole ion trap would involve increasing the selected ions' kinetic energy in a buffer gas, they present the probability of uncontrolled fragmentation because of the isolation that may be confused for products of the desired fragmentation mode (no fragmentation is observed using SWIFT/CHEF isolations in an ICR cell).
In 2D FT-ICR MS, correlation between precursor and fragment ions is achieved through ion radius modulation of the precursor ions during the encoding sequence (see Scheme 1) according to the cyclotron frequency of the precursor ions [7] . Unlike standard MS/MS, the fragmentation patterns in 2D FT-ICR MS are measured in a parallel manner. Because 2D FT-ICR MS experiments are Fourier transform-based temporal measurements, the resolving power depends upon the frequency and the acquisition time, which is, in turn, dependent upon the sampling frequency and the dataset size at low enough pressure. As a result, resolving the correlation between precursor and fragment ions without losing signal intensity is possible as long as the number of data points in the dataset is sufficient. Furthermore, because all ions created before the start of the pulse sequence in the ICR cell have the same behavior (i.e., they are trapped at the center of the ICR cell), distinguishing fragments generated in the ion source and in the ICR cell in the 2D mass spectrum is straightforward: ions created in the ion source show a peak on the autocorrelation line, whereas ions created in the ICR cell during the fragmentation period do not (see Scheme 1) . As a result, 2D mass spectrometry can easily distinguish between fragments produced in the front end of the FT-ICR instrument and those produced within the ICR cell without the need for complex MS/MS experiments involving tailored waveforms in the cell for high resolution isolation. Figure 2a shows the 2D mass spectrum of cholesterol with the same fragmentation conditions as the standard product-ion spectra in Figure 1b Figure 2a corresponds to a dissociation occurring during the fragmentation period in the pulse sequence (see Scheme 1): the vertical coordinate of the peak is the m/z ratio of the precursor ion, and the horizontal coordinate of the peak is the m/z ratio of the fragment ion. Precursor ion peaks have the same coordinate on both axes and, therefore, are situated on the autocorrelation line. All the fragment ions of a given precursor can be viewed horizontally along a fragment ion scan, and all the precursors of a given fragment can be viewed vertically along a precursor ion scan, as shown in Figure 2d . Neutral loss scans are parallel to the autocorrelation line and are shifted by the mass of the neutral species lost. As a result, one experiment yields precursor ion scans, fragment ion scans, and neutral loss scans. In Figure 2a ,
The size of the dataset is 2048 scans (i.e., increments of t 1 ) of 128 k data point transients. The experiment lasted for 17 minutes, and 170 μL of sample was consumed by direct infusion. The limit on the size of the dataset was imposed by the sample flow rate and the syringe size. Owing to those limitations for this ion source, resolving powers are limited to 10,000 in the horizontal direction for fragment ions and of 300 in the vertical direction for precursor ions at m/z 386. This resolving power was sufficient to separate precursors vertically with a 1 Da mass difference, allowing the assignment of the fragmentation patterns of odd-electron and even-electron ions. In the rest of this study, mass-to-charge values were measured in the horizontal dimension with 0.01 Da precision, and m/z measured in the vertical dimension with 1 Da precision to be consistent with the resolution of the peaks in either dimension.
Despite the optimization of the pulse sequence [17] , vertical lines are visible along the most intense peaks corresponding to scintillation noise and curves corresponding to harmonics. However, the signal-to-noise ratio of the data was sufficient and the precursors were simple enough that denoising was not deemed necessary to interpret the 2D mass spectrum [16] . Because all precursors are singly charged, it is clear that the area of the 2D mass spectrum on the right side of the autocorrelation line (i.e., higher m/z) does not show real fragmentation peaks (as this would require the fragment ions to be higher in mass than the precursor ions). However, care must be taken to avoid scintillation noise. The fragment ion at m/z 213.16, assigned to C 16 H 21 + in both high-resolution 1D product-ion spectra (see Figure 1b and , at m/z 231.17, is also present in both the product-ion spectrum of m/z 386 and the 2D mass spectrum as a fragment of M +• alone (see Tables 2 and 3 in the Supplementary Materials). This suggests that the loss of C 11 H 23
• occurs along C 13 -C 17 and C 14 -C 15 (see Scheme 3). Unlike the fragment ion at m/z 213. 16 + ) in the product-ion spectrum of m/z 386, but in very low abundance (see Table 2 in the Supplementary Materials), and is below detection level in the 2D mass spectrum.
The fragment ion at m/z 215. Figure 2b . As a result, the dehydrogenations occurring in the front-end of the mass spectrometer apparently inhibit the fragmentation channels leading to the loss of C 11 H 17
• , C 11 H 18 , C 11 H 20 , C 11 H 22 , and C 11 H 23
• . Finally, the artifact peak at m/z 217.39 is present in both product-ion spectra shown in Figure 1b and c and is absent in Figure 2b . Owing to the radial modulation of the precursor ions in the pulse sequence for 2D FT-ICR MS, artifacts do not show peaks in the horizontal fragment scan as actual fragments would do [17] . As a result, m/z 217.39 can be ruled out as a fragment ion, and as its frequency is approximately 850 kHz, can be assigned to rf interference from the multipoles. +• . The fact that in-source fragments are on the autocorrelation line in the 2D mass spectrum shows that the ion at m/z 353.32 results from loss of H 2 O in the front-end of the instrument followed by loss of CH 3 • in the ICR cell or from loss of CH 3 • in the APPI source followed by loss of H 2 O in the ICR cell. The 2D mass spectrum also shows a peak at vertical m/z 386 and horizontal m/z 353.32, showing that M +• also loses both H 2 O and CH 3
• in the ICR cell (see Figure 2a) . Figure 2c also shows the isotopic pattern of the C 26 H 41 + (m/z 353.32) fragment ion along the neutral loss lines corresponding to the dissociations that lead to it. In 2D mass spectra, the isotopic distribution of a fragment ion can always be found along the neutral loss line of the fragment [14] . In this case, the isotopic pattern of Figure 2c can be differentiated from the Figure 2c by the relative intensities of the peaks, despite the resolving power in either horizontal or vertical dimension being too low to separate the two (the minimum necessary resolving power in standard MS would be 80,000, FWHM). Figure 2d shows the fragment ion scan of m/z 386, which corresponds to the fragmentation pattern of M +• . This fragment ion scan is equivalent to the product-ion spectrum of m/z 386 shown in Figure 1b , and indeed the two mass spectra show many of the same cholesterol fragment peaks. Figure 2e shows the fragmentation pattern of m/z 301, which is an in-source fragment of cholesterol that has been identified as [M -C 5 H 9 O] + in the mass spectrum (see Figure 1a and Table 1 in the Supplementary Materials). The product-ion spectra (see Figure 1b and c) and the 2D mass spectrum (see Figure 2a) + includes breaking the double bond between C 5 and C 6 (see Scheme 3), which suggests that for this fragment, ionization occurs by taking an electron from the π bond, unlike M +• ions losing a water molecule, in which ionization occurs by taking an electron from one of the free lone pairs of the oxygen.
As the ion at m/z 301.19 (C 22 H 36 + or [M -C 5 H 9 O] + ) corresponds to an in-source fragment of cholesterol (see Table 1 in the Supplementary Materials), the IRMPD MS 3 fragmentation can be seen in the 2D mass spectrum. The fragment ion scan in Figure 2e shows that C 22 [47] showed that androst-5-en-3β-ol, which has the same structure as cholesterol without the alkyl chain on C 17 , also fragments into an ion at m/z 189. 16 + of cholesterol and loses C 13 H 24 to dissociate into m/z 189.16. According to Rossmann et al. [48] , the cleavage may occur along C 12 -C 13 and C 8 -C 14 (see Scheme 3), which could mean that m/z 189.16 could be derived from isomers resulting from two different fragmentation pathways.
In Figure 1 , the high resolution and mass accuracy of the analyzer allows the assignment the molecular formulae of the contaminants (see Table 1 in the Supplementary Materials). The mass spectrum alone without fragmentation, however, yields little information on the chemical structure of the contaminants. One-dimensional control product-ion spectra were not recorded for the contaminant peaks, but the dataindependent nature of 2D FT-ICR MS allows the visualization of the fragmentation patterns of the contaminant peaks. Identifying the neutral losses in the 2D mass spectrum gives information on ion species whose structures are a priori unknown.
Neutral loss scans can be viewed on lines following Eq. 1 [14] : In cases where a fragment ion is also present as an abundant precursor on the autocorrelation line (i.e., front-end fragment ion species, for example), scintillation noise can cause additional peaks in the neutral loss lines that can overlap with the fragment ion peak [15] . Checking whether a peak in the neutral loss scan represents a fragmentation or scintillation noise is important to avoid faulty interpretations.
In Figure 2h , the resolution at m/z 369 is 10,000 (FWHM of 0.04 Da). This value is both the resolution in the vertical precursor dimension and the resolution in the horizontal fragment dimension. Because the signal in the vertical precursor dimension (2048 data points) and in the horizontal fragment dimension (131,072 data points) were recorded with different data sizes, the resolution of neutral loss lines is generally a combination of the resolution in the vertical precursor dimension and of the resolution in the horizontal precursor dimension. Figure 2h shows the signal for ion species that lose a water molecule in the ICR cell during IRMPD fragmentation. As expected, ions generated from cholesterol as well as in-source fragments such as dehydrogenated species and [M-CH 3 ] +• dissociate with water loss (see Figure 2c) . The neutral loss scan of 18 Da also shows fragment peaks at m/z 385, 386, and 387. The corresponding precursor ion peaks are at m/z 403, 404, and 405. The peak at m/z 385 can be assigned to C 27 H 47 O 2 + (see Table 1 Table 1 in the Supplementary Materials) also dissociate via water loss and thus show peaks in the neutral loss scan of 18 Da. This fragmentation pattern is similar to the ones reported by Rossmann et al. [48] , Lembcke et al. [49] , and Ronsein et al. [50] for cholesterol oxidations products. Although the product information provided by Sigma Aldrich specifies 99% purity [51] and the extraction and assay of cholesterol follows a well-known protocol [52] , the sample was purchased and first opened in 2010, and so partial oxidation may have taken place since this time. As Kauppila et al. have shown, these oxidation products can also arise during ionization in the APPI source [22] . Figure 2i shows the neutral loss scan of 54 Da, corresponding to a loss of C 3 H 4 N, which is impossible for cholesterol. The solvents of the cholesterol sample in this study are water and acetonitrile. Marotta et al. [18, 53] have shown that in APPI with a krypton lamp, acetonitrile isomerizes and transfers a proton to the analyte molecules, but can also react with another acetonitrile ion or water before reacting with the analyte molecules. This mechanism explains the presence of the peaks in the mass spectrum of cholesterol that have been identified as nitrogenated species (see Figure 1a and Supplementary Information Table S1 ). C 3 H 4 N is a species that is generated by acetonitrile. The fact that various species in the 2D mass spectrum lose C 3 H 4 N by IRMPD indicates that they were formed by a reaction between cholesterol and a reactant species generated by acetonitrile. Peaks corresponding to loss of 39 Da (corresponding to C 2 HN), 40 Da (corresponding to C 2 H 2 N), and 41 Da (corresponding to C 2 H 3 N), also with precursor m/z ratios corresponding to nitrogenated species, corroborate this hypothesis. These contaminant peaks are not particularly intense and would have been missed in a normal MS/MS experiment. But the fragment ion data are already present in the 2D mass spectrum, allowing a subsequent detailed interrogation without rerunning the sample.
Conclusion
In this implementation of 2D APPI FT-ICR mass spectrometry, the 2D data of cholesterol allowed correlation of fragment ions with their radical ion and protonated ion precursors, without the need for multiple MS/MS experiments. The horizontal fragment ion scans and vertical precursor ion scans yielded accurate information on the fragmentation pathways of cholesterol. 2D FT-ICR MS is a data-independent method and a 2D mass spectrum correlates the fragment ions with their precursor ions, provides information about the order of fragmentation pathways, and can be used to differentiate between dissociation reactions that take place within the ion source or within the ICR cell.
Neutral loss scans, which are parallel to the autocorrelation line but shifted by the mass of the neutral, identify similar ion species undergoing similar fragmentations, which can give further information into their chemical structure. Although the information present in a 2D mass spectrum can be obtained through MS/MS, performing multiple experiments is timeconsuming, complex experiments may be required (such as the use of tailored waveforms for sufficiently high resolution within the ICR cell), and additional time and sample would be required for analysis of multiple MS/MS data sets. Furthermore, data visualization with 2D FT-ICR MS is clear and comprehensive, which is not the case for currently existing data visualization software with traditional MS/MS methods. Finally, the data-independent nature of 2D FT-ICR MS insures that structural information is obtained even on ions that are not deemed of interest at the time of the experiment, but which can nevertheless reveal relevant chemical information on the content of the sample or ionization processes.
Although at present the resolution and mass accuracy of 2D FT-ICR MS are not sufficient to determine the molecular formulas of compounds without the help of additional 1D high resolution mass spectra, the primary limitation to do so is computational capacity, which is a problem that can be overcome. Data processing techniques adapted from NMR can also improve the resolution of 2D FT-ICR MS without increasing the size of the datasets and the length of the experiments, such as partial sampling techniques [54, 55] .
This study has shown that 2D FT-ICR mass spectrometry is well-adapted to the structural analysis of samples containing small molecules, such as pharmaceuticals, metabolites, or natural products. 2D FT-ICR MS can also be adapted to other fragmentation methods for small molecules, such as electroninduced dissociation (EID) [56, 57] .
